Abstract -In order to investigate whether alcohol-withdrawal kindling is an irreversible process, male Wistar rats were exposed to 12 episodes, each consisting of 2 days of severe alcohol intoxication and 5 days of alcohol withdrawal. Spontaneous withdrawal seizures were found in 15% of the animals during episodes 10-12. After an alcohol-free period of 26 days, the animals were subjected to three more episodes of alcohol dependence (i.e. episodes 13-15) in which 12% of the animals developed spontaneous withdrawal seizures. Based on several statistical tests, we concluded that there was no true difference between the seizure activity in episodes 10-12 and episodes 13-15, indicating that alcoholwithdrawal kindling is a long-lasting and perhaps irreversible process. In a second experiment, an alcohol-withdrawal kindled group was first exposed to seven episodes of alcohol dependence. A diazepam group went through the same alcohol regimen, but each withdrawal reaction was blocked by diazepam treatment. Finally, a single episode group was included which was fed isocalorically with the kindled animals. After an alcohol-free period of 11 days, all three groups were subjected to 4 days of severe alcohol intoxication. During the subsequent withdrawal reaction seizures were observed in 22-26% of the animals with no significant differences across the groups. These results call for a modification of the kindling hypothesis of alcohol withdrawal and suggest that kindling-induced alterations may be overlooked if convulsive behaviour is tested during a relatively strong withdrawal
INTRODUCTION
The 'kindling hypothesis' of alcohol withdrawal put forward by Ballenger and Post (1978) has recently gained considerable support from both clinical (Brown et al., 1988; Lechtenberg and Worner, 1992; Booth and Blow, 1993; Moak and Anton, 1996) and animal (Becker and Hale, 1993; Becker, 1994) studies. These researchers speculated that alcohol withdrawal serves as a kindlinglike stimulus that, upon repetition, comes to produce a progressive increase in the severity of future withdrawal reactions. The term 'kindling' refers to a process in which repeated subthreshold electrical stimuli to the brain eventually result in full motor seizures (Goddard et al., 1969) . In our laboratory, we have performed a series of experi-*Author to whom correspondence should be addressed. ments in which the results are consistent with the kindling hypothesis of alcohol withdrawal. Thus repeating withdrawal from 2 days of severe alcohol intoxication has been shown to kindle rats such that the convulsive withdrawal behaviour is augmented (Clemmesen and Hemmingsen, 1984; Ulrichsen et al, 1992 Ulrichsen et al, , 1995 . In these studies, the withdrawal seizure activity was tested following 2 days of alcohol intoxication. In a recent investigation in which we used the same alcohol-withdrawal kindling procedure, the seizure activity was measured during withdrawal from 4 days of chronic alcohol intoxication (Ulrichsen et al., 1996) . To our surprise, we detected a significant decrease in spontaneous seizure activity in the alcohol-withdrawal kindled group compared to rats which for the first time were withdrawing from chronic alcohol intoxication. As this result was in disagreement with both our previous results (Clemmesen and Hemmingsen, 1984; Ulrichsen et al., 1992 Ulrichsen et al., , 1995 and most of the prevailing literature on alcohol-withdrawal kindling, one of the aims of the present study was to reproduce the result of Ulrichsen et al. (1996) .
Another object of the present investigation was to study whether alcohol-withdrawal kindling is a reversible process. To our knowledge, this issue has only been addressed in two studies. In rats intermittently exposed to alcohol for 60 days, a reduction in the seizure threshold to pentylenetetrazol and a decrease in central y-aminobutyric acid (GABA) function, which lasted at least 40 days, have been reported (Kokka et al., 1993; Kang et al., 1996) , suggesting that the cerebral alterations induced by alcohol-withdrawal kindling are in fact irreversible.
MATERIALS AND METHODS

Animals and intoxication procedure
Male Wistar rats (M0llegaard, K0ge, Denmark) were housed in a room with a 12 h light/12 h dark cycle (lights on at 07:00) and had free access to food pellets and water. The initial body weight of rats was 240-270 g in the single episode experiment and 145-180 g and 210-260 g in the first and second alcohol-withdrawal kindling experiments respectively (see below). During each intoxication period, alcohol was administered five times a day between 08:00 and 24:00 by the intragastric intubation method (Majchrowicz, 1975) . Before each feeding session, the degree of alcohol intoxication was assessed by using the following rating scale:
(0) neutrality: no signs of intoxication; (1) sedation: reduced muscle tone, dulled appearance, and slow locomotor activity, but no impairment of gait or coordination; (2) ataxia 1: slight gait impairment and slight motor incoordination, but able to elevate abdomen and pelvis; (3) ataxia 2: clearly impaired staggering gait and impaired motor coordination, some elevation of abdomen and pelvis; (4) ataxia 3: slowed righting reflex, heavily impaired motor coordination, no elevation of abdomen and pelvis; (5) loss of righting reflex (LRR): unable to right itself when placed on its back, other reflexes still present; (6) coma: no signs of movement; no response to pain stimuli; no blinking reflex; spontaneous breathing.
The alcohol dose was adjusted individually to the degree of intoxication. Neutral rats received 5-7 g/kg, whereas animals with LRR received 0-1 g/kg. The aim was to reach an intoxication level of 3-5 (ataxia 2-LRR) within 8h and thereafter maintaining this level for the rest of the intoxication period. The alcohol solution consisted of: ethanol (200 g/1), sucrose (300 g/1), and multivitamin mixture (4 ml/1) in Ringer's solution, the sucrose being added in order to prevent hypoglycaemia and ketosis (Hemmingsen and Chapman, 1980) . Control animals received an isocaloric amount of sucrose instead of alcohol and the same amount of water and food as the alcohol-treated rats. Blood-alcohol concentration was measured in blood collected from the retro-orbital sinus with heparinized capillary tubes using a computerized gas chromatography method (Felby and Nielsen, 1981) .
Alcohol withdrawal
Detection of spontaneous withdrawal seizure activity was done by two persons who observed the animals 9-15 h after the last alcohol dose. The non-convulsive withdrawal behaviour was assessed as previously described (Ulrichsen et al., 1986) . Briefly, the three individual items intentional tremor, rigidity, and hyperactivity/ irritability were each scored on a four-level scale (0-3) and the sum of these scores (0-9) was used as a quantitative measure of the severity of the non-convulsive withdrawal reaction. Measurements of both the convulsive and non-convulsive withdrawal behaviour were all done under blind conditions, except for the rating of the nonconvulsive withdrawal symptoms in the single episode experiment (see below). The non-convulsive withdrawal reaction was only measured in animals in which seizures had not been observed, in order to ensure that the results were not affected by postictal hypoactivity.
Design
In order to demonstrate how spontaneous seizure activity during the alcohol-withdrawal reaction depends on the length of the previous intoxication period, we performed a single episode experiment in which three groups of animals were exposed respectively to 2, 3, and 4 days of alcohol intoxication (n = 30 in each group). The experiment was set up such that the groups were withdrawn from intoxication at approximately the same time, i.e. alcohol administration in the groups exposed to 2 and 3 days of alcohol intoxication began at the third and second days of alcohol administration in the 4-day group, respectively. Blind rating of spontaneous seizure activity during the withdrawal reaction was performed by two persons 9-15 h after the last alcohol dose. Subsequently, the group code was broken and the non-convulsive withdrawal reaction rated openly 16-18 h into withdrawal on eight to 10 animals from each group, which were randomly selected from the animals in which seizures were not observed.
Alcohol-withdrawal kindling was performed by subjecting the animals to multiple episodes, each consisting of 2 days of alcohol intoxication followed by 5 days of alcohol withdrawal (Clemmesen and Hemmingsen, 1984) . Two alcohol-withdrawal kindling experiments were conducted. In the first alcohol-withdrawal kindling experiment, the animals (n = 80) were first subjected to 12 episodes of alcohol dependence. Following an alcohol-free period of 26 days, the animals were subjected to three more episodes of alcohol dependence (i.e. episodes 13-15). The isocalorically fed control animals (n = 60) were divided into two groups which were exposed to alcohol either during episodes 10-12 (n = 30) or during episodes 13-15 (n = 30). Spontaneous seizure activity was measured during the withdrawal reactions in episodes 10-12 and 13-15. By limiting the number of withdrawal episodes in the control animals to three, the risk of kindling processes occurring in these animals was kept at a minimum (Clemmesen and Hemmingsen, 1984) .
Three groups were run in parallel in the second alcohol-withdrawal kindling experiment. One group was subjected to seven episodes of alcohol dependence (the alcohol-withdrawal kindled group, n = 40), while another group (the diazepam group, n = 40) was exposed to the same alcohol regimen, but following each alcohol intoxication episode, the withdrawal reactions were blocked by diazepam treatment (see below), which has been shown recently to prevent alcohol-withdrawal kindling processes (Ulrichsen et al., 1995) . The third group, i.e. the single episode group (n -25), was isocalorically fed with the alcohol-withdrawal kindled group during episodes 1-7, with sucrose replacing alcohol. Following the seventh intoxication period, all three groups went through an alcohol-free recovery period of 11 days. Subsequently, all groups were exposed to a final episode of 4 days of severe alcohol intoxication (i.e. episode 8). During the following withdrawal reaction, we measured the spontaneous withdrawal seizure activity in all three groups 9-15 h after the last alcohol dose. All 'seizure animals' and n = l randomly selected 'non-seizure animals' were decapitated for receptor studies (to be presented in a separate paper). In the remaining animals the non-convulsive withdrawal reaction was rated 16-18 h after the last alcohol dose.
Diazepam treatment
Blocking the withdrawal reactions in the second alcohol-withdrawal kindling experiment (see above) was achieved by administering a diazepam solution (5 mg/ml) intraperitoneally (i.p.) 8, 11 and 15 h after the last alcohol dose, as recently described (Ulrichsen et al., 1995) . The intoxication level of the animals was assessed before each diazepam administration by employing the same rating scale (0-6) as that used to evaluate the alcohol intoxication level (see above) (Majchrowicz, 1975) . At various times, intoxicated animals received 0-25 mg/kg diazepam i.p., depending on the intoxication score. Animals which showed any signs of alcohol withdrawal received 30 mg/kg diazepam i.p. An open rating of the nonconvulsive withdrawal reaction and level of alcohol and/or diazepam intoxication in the alcohol-withdrawal kindled group and the diazepam group was performed prior to the second diazepam administration (i.e. 11 h after the last alcohol dose) during episode 5.
Statistical analysis
The correlation of the duration of chronic alcohol intoxication with the severity of the nonconvulsive withdrawal reaction in the single episode experiment was assessed by testing the hypothesis that the Spearman's rank correlation coefficient r s was not different from zero (Ho'. r s = 0) (Altman, 1991) . Simple linear regressions were used to analyse the relation between the diazepam dose and the alcohol dose and the relation between the diazepam dose and the severity of the withdrawal reaction in episode 8. In the second alcohol-withdrawal kindling experiment, possible group effects on the non-convulsive withdrawal reaction were analysed by non-parametric techniques (Mann-Whitney or KruskalWallis test).
Analysis of data from the seizure observations in the single episode experiment and the second alcohol-withdrawal kindling experiment was done by ordinary yj tests for contingency tables (Altman, 1991) . In the single episode experiment, the hypothesis to be tested was that the number of withdrawal seizures was not affected by the duration of the previous alcohol intoxication period. As the three groups obviously could be ordered according to the duration of the chronic alcohol intoxication, the / 2 test for trends was applied in this experiment. The scores attributed to the three groups were equal to the number of days the animals were exposed to alcohol, i.e. 2, 3, and 4. In the second alcohol-withdrawal kindling experiment, the # 2 test for a 2x3 frequency table was employed to test the hypothesis that there was no difference in the seizure activity between the three groups.
The analysis of seizure activity in the first alcohol-withdrawal kindling experiment was performed as previously reported (Ulrichsen et al., 1995) with modifications. Two different approaches were applied. First, the numbers of seizures were analysed as traditional survival curves: tests of significant differences in seizure activity between two groups were based on the Kaplan-Meier estimated survival curves using the ordinary Mantel-Haenszel test statistic (^2) (log rank test) (Matthews and Farewell, 1988) . Second, based on the convulsive behaviour observations, we used the Monte Carlo simulation technique in order to obtain confidence limits for the probability of spontaneous seizure activity during episodes 10-12 and 13-15 in the alcohol-withdrawal kindled animals and the respective control animals (see below); the groups were compared with respect to this variable. The reason for conducting the Monte Carlo simulations besides the ordinary point value Mantel-Haenszel test statistic was that preliminary calculations showed that the Mantel-Haenszel test in some situations was not conclusive, i.e. the significance probability was close to 0.05, and that the statistical assumptions, e.g. independence between the risk of death and the risk of seizure (which are part of the assumptions behind the Mantel-Haenszel test), could be explicitly built into the Monte Carlo simulations. Finally the Monte Carlo simulation technique allowed us to obtain interval estimates for the variability of the convulsive withdrawal behaviour, whereas the outcome value of the Mantel-Haenszel test is always a single significance probability value.
In the following, the calculation of the probability of spontaneous seizure activity is only described for the alcohol-withdrawal kindled group during episodes 10-12, as the same procedure was used for calculating this variable in the alcohol-withdrawal kindled group during episodes 13-15 and in the two control groups. The calculation of the probability of spontaneous seizure activity across all episodes (P cum ) was based on a splitting of the simultaneous probability of no seizures during episodes 10-12 [left hand side of (1)] into successive conditional probabilities of observing no seizures in each individual episode [right hand side of (1) The three probabilities on the right-hand side of (1) were estimated via binomials as the relative frequencies of observed non-seizures at the given episode, where the numbers of animals at risk for developing 'first time seizures' (AO were adjusted according to the conditions given in the three conditional probabilities -i.e. the number of observed seizures during earlier episodes were successively taken out of N; likewise the number of deaths (due to alcohol intoxication) within each episode were taken out (subtracted) of N. Hence, only animals going into withdrawal which had not previously shown convulsive activity were included in the analysis. The cumulated probability P cum of (at least one) spontaneous seizure during episodes 10-12 was then obtained from (1), simply as^c um=l-^(0,2,0, !,0 10 ) (2) In order to analyse statistically and compare the difference in P cum between the groups, 2000 Monte Carlo simulations of complete episode 10-12 observations were generated with n = 57 as the initial value. In each episode, two independent binomials, i.e. the probability of first time seizure and death, were used for the generation of the number of seizures and the number of deaths. The episode-specific probabilities of seizure and death were simply based on the observed seizure and death frequencies in each episode, respectively {N adjusted successively from one episode to the next as described above). Based on the distribution of simulated P cum values within each group, the difference in seizure activity was then evaluated statistically by means of confidence limits.
All tests were two-sided and the overall level of significance was set everywhere to 5%. Data are presented as means with SEM or median with range.
Ethics
The study was approved by the Danish Animal Experiment Inspectorate, Ministry of Justice.
RESULTS
Single episode experiment
There was a mean (SEM) weight loss of 13.8% (0.3), 16.0% (0.5), and 18.9% (0.5) in the groups exposed respectively to 2, 3, and 4 days of chronic alcohol intoxication, and the numbers of animals in these groups were reduced from 30 to 29, 24 and 23, respectively. Both the weight loss, which is most likely due to dehydration secondary to the diuretic effects of ethanol (see Hemmingsen and Chapman, 1980) , and the deaths which occurred because of overdosage of alcohol, are unavoidable complications of the present alcohol administration technique (Majchrowicz, 1975) . The alcohol dose, mean intoxication score and withdrawal behaviour are presented in Table 1 . There was a statistically significant effect of duration of alcohol administration on the severity of both the non-convulsive and the convulsive withdrawal behaviour. We did not detect any seizures in the animals exposed to 2 days of alcohol intoxication, whereas seizures were detected in 21% and 35% of the animals exposed to 3 and 4 days of alcohol intoxication, respectively.
Alcohol-withdrawal kindling experiment 1
The alcohol dose, mean intoxication score and blood-alcohol concentration during alcohol dependence episodes 10-12 and 13-15 are shown in Table 2 . During the kindling regimen (i.e. episodes 1-9), the number of animals in the alcohol-withdrawal kindled group was reduced from 80 to 57. The numbers of animals which died during episodes 10-15 are shown in Table 3 . All deaths were due to overdosage of alcohol. During the 15 episodes of alcohol dependence, a net weight increase of 105% and 101% was detected in the alcohol-withdrawal kindled animals and the control animals, respectively. In the alcohol-withdrawal kindled group spontaneous seizures were observed 14 times during episodes 10-12 and nine times during episodes 13-15, whereas no seizures were observed in the respective control groups. During episodes 10-12, six of the 14 seizures occurred in alcohol-withdrawal kindled animals Rats were exposed to a single episode of 2, 3, and 4 days of severe alcohol intoxication. During the withdrawal reaction, the animals were observed blindly 9-15 h after the last alcohol dose in order to detect spontaneous seizure activity. Subsequently, the code was broken and the non-convulsive withdrawal reaction assessed openly on 8-10 animals from each group which were randomly chosen among the animals in which no seizures were observed. See text for other details. Rats were first subjected to 12 episodes of alcohol dependence. Following an alcohol-free period of 26 days, the animals were subjected to three more episodes of alcohol dependence (i.e. episodes 13-15). Isocalorically fed control animals were exposed to alcohol either during episodes 10-12 or 13-15. Spontaneous seizure activity was measured during the withdrawal reactions in episodes 10-12 and 13-15. n indicates the number of animals surviving episodes 10-12 and 13-15, respectively. Blood-alcohol concentration was measured on the second day of alcohol intoxication in episodes 10 and 15 in six randomly selected animals from each group.
which had previously had at least one seizure, and hence the number of first time seizures was eight. Similarly, in episodes 13-15, three of the nine seizures were observed in alcohol-withdrawal kindled animals in which convulsive behaviour had already been detected, yielding a total of six first time seizures. All these six seizures occurred in animals in which seizures had been observed during episodes 10-12. In the two animals which showed seizure activity during episodes 10-12 but not in episodes 13-15, we observed seizure activity in only one episode. The occurrence of first time seizures and deaths during episodes 10-12 and 13-15 are presented in Table 3 . Based on the figures in this Table, the probability of first time seizure in each specific episode could be Rats were first subjected to 12 episodes of alcohol-dependence. Following an alcohol-free period of 26 days, the animals were subjected to three more episodes of alcohol dependence (i.e. episodes 13-15). Isocalorically fed control animals were exposed to alcohol either during episodes 10-12 or 13-15. Spontaneous seizure activity was measured during the withdrawal reactions in episodes 10-12 and 13-15. Deaths were caused by ethanol intoxication. Animals at risk were defined as animals going into withdrawal in which seizure activity had not previously been observed. estimated using simple binomials. Thus the probabilities of first time seizure in episodes 10-12 were estimated as 2/56 = 0.04, 5/52 = 0.10, and 1/45 = 0.02, respectively, in the alcohol-withdrawal kindled group, and 0/30 = 0, 0/30 = 0, and 0/28 = 0 respectively in the control group. When the seizure activity in the animals was re-tested during episodes 13-15, the probabilities of first time seizure in the alcoholwithdrawal kindled group were estimated as 2/50 = 0.04, 3/47 = 0.06, and 1/39 = 0.03 during episodes 13, 14 and 15 respectively. In the control group, the probabilities of first time seizure were estimated as 0/27=0, 0/26 = 0, and 0/25 = 0 respectively. The episode-specific probabilities of death were estimated in a similar manner. For instance, the probabilities of death in episodes 10-12 were 1/57 = 0.02, 2/54 = 0.04, and 2/47 = 0.04 respectively in the alcohol-withdrawal kindled group. Subsequently, the episode-specific seizure probability and death probability of the alcohol-withdrawal kindled group during episodes 10-12 and 13-15 were included in two independent binomials to generate Monte Carlo simulation experiments. In the two control groups, the estimated seizure probability values were not used in the Monte Carlo simulation experiments, because zero values inevitably lead to constant Monte Carlo generation of no seizures. However, the lack of seizures in the two control groups of n = 30 justifies the assumption that the true P cum value (the probability of at least one seizure in episodes 10-12) lies in the interval 0-1/60 (0-0.0167). /'cum was therefore arbitrarily set to 0.01 in both control groups. Assuming that the seizure probability in the control groups was constant across each episode (P ep i)> it can be shown (Ulrichsen et al., 1995) that
The distribution of 2000 simulated P cum values in the alcohol-withdrawal kindled and the control groups during episodes 10-12 and 13-15 is shown in Fig. 1 . The simulation results are summarized in Table 4 together with the ordinary MantelHaenszel tests. The main output from the simulations is the 95% confidence limits of Pcum-These confidence limits form the basis for intergroup comparisons together with the ordinary log rank tests (Mantel-Haenszel tests). During episodes 10-12, the log rank test resulted in a significant difference in seizure activity between the alcoholwithdrawal kindled group and the control group (X 2 = 4.23, df=l, P<0.05). This finding was supported by the non-overlapping 95% confidence intervals [0.056, 0.241] and [0.000, 0.039] in the alcohol-withdrawal kindled group and the control group, respectively. During episodes 13-15, the log rank test did not result in a significant Mantel-Haenszel test statistic (# 2 = 3.40, df = 1, P = 0.066 > 0.05). The low P-value, however, indicates that the difference in the seizure activity between the two groups is a true finding. In agreement with the low, but non-significant, P-value of the log rank test (P = 0.066), a small overlap was found between the 95% confidence intervals of the alcohol-withdrawal kindled group ([0.040, 0.224] ) and the control group ([0.000, 0.065]). No significant difference between the seizure activity in the alcohol-withdrawal kindled group during episodes 10-12 and 13-15 was found in the log rank test (^2 = 0.11, df=l, P > 0.05), a finding which coincides with the great overlap between the two 95% confidence limits ([0.056, 0.241] and [0.040, 0.224], respectively).
Alcohol-withdrawal kindling experiment 2
During the alcohol-withdrawal kindling regimen of the second alcohol-withdrawal kindling experiment, the number of animals was reduced from initially 40 to 25 and 32 in the alcoholwithdrawal kindled group and the diazepam group respectively. In the subsequent challenge episode (episode 8), all animals from these two groups survived, whereas six of the 25 animals in the single episode group died. All deaths were due to overdosage of alcohol. During episodes 1-7 and the 11-day alcohol-free period, a net weight increase of 22.6%, 19.6%, and 26.9% was detected in the alcohol-withdrawal kindled group, the diazepam group, and the single episode group respectively.
The alcohol dose, mean intoxication score, and blood-alcohol concentration during episode 8 are presented in Table 5 . During the subsequent withdrawal reaction, seizures were detected in five out of the 19 animals from the single episode group (26%), six out of the 25 alcohol-withdrawal kindled animals (24%), and seven out of the 32 animals (22%) from the diazepam group. No . The lower limits of Pen, intervals of 0.05 are shown on the abscissae. The bars represent the frequencies of P cum in these intervals. Note the different scaling on the ordinates. The simulation experiments were based on two independent binomials, i.e. the probabilities of seizure and death in each individual episode, as described in the text. The alcoholwithdrawal kindled rats were first subjected to 12 episodes of alcohol dependence and after an alcohol-free period of 26 days they were exposed to three more episodes of alcohol dependence (i.e. episodes 13-15). Isocalorically fed control animals were exposed to alcohol either during episodes 10-12 or 13-15. Spontaneous seizure activity was measured during the wididrawal reactions in episodes 10-12 and 13-15.
significant group effects on the seizure activity single episode group (n = 7), 6 (3-7) in the were observed. The median (range) of the non-alcohol-withdrawal kindled group (n = 11), and convulsive withdrawal score was 5 (4-7) in the 6 (4-8) in the diazepam group (n= 18). No Rats were first subjected to 12 episodes of alcohol dependence. Following an alcohol-free period of 26 days, the animals were subjected to three more episodes of alcohol dependence (i.e. episodes 13-15). Isocalorically fed control animals were exposed to alcohol either during episodes 10-12 or 13-15. Spontaneous seizure activity was measured during the withdrawal reactions in episodes 10-12 and 13-15. Distribution curves of the cumulated probability (^cum) of one or more seizures during episodes 10-12 or 13-15 were created by 2000 Monte Carlo simulations as described in the text. NS denotes non significant. Table 5 . Alcohol intoxication variables in alcohol-withdrawal kindled rats exposed to 4 days of chronic alcohol intoxication Rats were subjected to seven episodes consisting of 2 days of alcohol intoxication and 5 days of alcohol withdrawal. In the alcohol-withdrawal kindled group, clinical withdrawal symptoms developed following each intoxication episode. In the diazepam group, withdrawal episodes 1-7 were blocked by diazepam administration 8, 11, and 15 h after the last alcohol dose. Following 11 alcohol-free days, these two groups and the single episode group which was isocalorically fed with the alcohol-withdrawal kindled group during episodes 1-7 were exposed to 4 days of severe chronic alcohol intoxication. Blood-alcohol concentration was measured in six animals from each group at the fourth day of alcohol intoxication. See the text for other details.
significant group effects on this variable were
found. An open rating performed 11 h after the last alcohol dose and immediately before the second diazepam administration in episode 5 revealed that the median (range) of the non-convulsive withdrawal score was 1 (0-5) and 0 (0-2) in the alcohol-withdrawal kindled group (n = 29) and the diazepam group (n -36), respectively, whereas the median (range) of the intoxication score was 1 (0-5) and 3 (1-5), respectively. The differences in both the withdrawal score and intoxication score were statistically significant. Diazepam was administered to the diazepam group three times per episode in episodes 1-7 yielding a total of 21 diazepam administrations. Of the 32 surviving animals in the diazepam group, 21 never showed any withdrawal signs and seven animals showed withdrawal symptoms at only one of the 21 ratings. In the remaining four animals, withdrawal signs were detected two, four, four, and six times, respectively. No animal from the diazepam group showed withdrawal symptoms in more than three of the seven episodes in which they were treated with diazepam.
Although only a weak negative linear relationship between the diazepam dose and the alcohol dose in episodes 1-7 was found (^ = 0.10), the specific alcohol contribution was significant (f-test, P < 0.0001).
The mean diazepam dose per episode varied from 43.5 mg/kg to 68.6 mg/kg in the surviving animals in the diazepam group. The diazepam doses did not vary across episodes in any systematic way. The mean diazepam dose across episodes 1-7 was significantly increased in the seven animals which developed withdrawal seizures in episode 8 compared to the 25 animals which did not develop seizures (60.4 mg/kg/ episode vs 49.9 mg/kg/episode, respectively). In contrast, a negative linear relationship between the mean diazepam dose across episodes 1-7 and the non-convulsive withdrawal score was detected (r 2 = 0.18). A trend towards a specific diazepam effect was found, although statistical significance of the diazepam contribution was not reached (Mest, P = 0.07).
DISCUSSION
The results of the current study showed that alcohol-withdrawal kindling led to an increased seizure activity during withdrawal after 2 days of severe alcohol intoxication. Thus during episodes 10-12 of the first alcohol-withdrawal kindling experiment, all the statistical tests showed a significant increase in seizure activity of the alcoholwithdrawal kindled, compared to the control, group. This finding is in absolute agreement with earlier results from our laboratory in which the same alcohol-withdrawal kindling paradigm was used (Clemmesen and Hemmingsen, 1984; Ulrichsen et al., 1992 Ulrichsen et al., , 1995 and with most of the results from other alcohol-withdrawal kindling experiments (Branchey et al., 1971; Walker and Zornetzer, 1974; Baker and Cannon, 1979; Brown et al., 1988; Lechtenberg and Worner, 1992; Booth and Blow, 1993; Becker and Hale, 1993; Kokka et al., 1993; Becker, 1994; Kang et al., 1996; Moak and Anton, 1996) . When the withdrawal behaviour of the kindled animals was retested after a 26-day alcohol-free period during three subsequent withdrawal episodes (i.e. episodes 13-15), the seizure activity did not differ significantly from the seizure activity during episodes 10-12. During the withdrawal episodes 13-15, the seizure activity in the alcohol-withdrawal kindled animals was still increased, compared to the control group, and although the P-value of the log rank test did not reach statistical significance and the 95% confidence limits of the simulated P cum values did overlap, the small Pvalue (0.066) and the small overlap of the 95% confidence limits justify the conclusion that the difference in seizure activity between the alcoholwithdrawal kindled group and the control group in episodes 13-15 represents a true finding. The lack of seizure activity in the group subjected to 2 days of alcohol intoxication in the 'single episode experiment' is consistent with this suggestion. Thus, the current results suggest that the cerebral alterations underlying alcohol-withdrawal kindling are long-lasting and perhaps irreversible. This conclusion is in line with the results of two previous animal studies. Kokka et al. (1993) reported a reduction in seizure threshold to pentylenetetrazol lasting at least 40 days in rats which received a large single daily dose of alcohol for 60 days. Using the same chronic intermittent alcohol regimen, Kang et al. (1996) found a reduction in GABA (muscimol)-stimulated chloride efflux in the hippocampus which persisted for at least 40 days. The issue of reversibility of alcohol-withdrawal kindling has not been systematically examined in clinical studies. However, both Brown et al. (1988) and Booth and Blow (1993) reported that patients with a history of convulsive withdrawal behaviour were at great risk for developing seizures during later alcoholwithdrawal reactions. Further, electrical kindling, which may share mechanisms in common with alcohol-withdrawal kindling (Pinel and Van Oot, 1975; McCown and Breese, 1990) , seems to be an irreversible phenomenon [reviewed by Racine (1978) ]. Presently, it seems justifiable to speculate that kindling due to alcohol withdrawal is also an irreversible process, but more studies are needed to confirm this hypothesis.
Whereas convulsive withdrawal behaviour in the first alcohol-withdrawal kindling experiment was examined during withdrawal from 2 days of alcohol intoxication, the animals in the second alcohol-withdrawal kindling experiment were tested during withdrawal from 4 days of alcohol intoxication. In contrast to the results of the former experiment, we found no effect of alcohol-withdrawal kindling on the convulsive withdrawal behaviour in the second alcohol-withdrawal kindling experiment. Using the same design, except for omission of the diazepam group, we recently reported that seizure activity in alcohol-withdrawal kindled animals was actually decreased compared to the single episode group, but due to a higher intoxication level in the latter group we concluded that there was no true difference in convulsive withdrawal behaviour between the two groups (Ulrichsen et al., 1996) . Therefore the results from the second alcohol-withdrawal kindling experiment are reliable, even though they disagree with most of the previous alcohol-withdrawal kindling studies (Branchey et al, 1971; Walker and Zornetzer, 1974; Baker and Cannon, 1979; Clemmesen and Hemmingsen, 1984; Brown et al, 1988; Lechtenberg and Worner, 1992; Ulrichsen et al., 1992; Booth and Blow, 1993; Becker and Hale, 1993; Kokka et al, 1993; Becker, 1994; Ulrichsen et al, 1995; Kang et al, 1996; Moak and Anton, 1996) . The current study clearly demonstrated that in both kindled and non-kindled animals the severity of the withdrawal reaction was markedly increased when the preceding alcohol intoxication period was 4, as opposed to 2, days. Thus, in the single episode experiment, no withdrawal seizures were detected after 2 days of severe alcohol intoxication, whereas withdrawal after 4 days of alcohol intoxication resulted in seizures in 35% of the animals. In the first alcohol-withdrawal kindling experiment, in which the animals were tested during withdrawal from 2 days of alcohol intoxication, the estimated risk of a first time seizure during episodes 10-15 varied between 2% and 10%, whereas withdrawal seizures were detected in 24% of the alcohol-withdrawal kindled animals following 4 days of alcohol intoxication in the second alcohol-withdrawal kindling experiment. We hypothesize that alcohol-withdrawal kindling in rats only produces subtle cerebral alterations causing a latent hyperactivity of the brain. This hyperactivity does not produce behavioural alterations per se, but alterations which can be demonstrated if the alcohol-withdrawal kindled rats are challenged with a relatively weak stimulus like withdrawal from 2 days of severe alcohol intoxication. Exposing the rats to a considerably stronger withdrawal reaction, i.e. withdrawal from 4 days of severe alcohol intoxication, results in a cerebral hyperactivity so intense that it far exceeds the kindling-induced neuroexcitability. In other words, we may theoretically be dealing with a ceiling effect resulting in lack of detection of the kindled neuroexcitability, a speculation which is consistent with earlier results showing that in the intragastric intubation paradigm of alcohol dependence in rats (Majchrowicz, 1975) , 4 days of alcohol intoxication represent the maximal obtainable withdrawal reaction (Majchrowicz and Hunt, 1976) . This hypothesis may explain the results of Goldstein (1974) , who failed to detect increased convulsive behaviour in mice intermittently exposed to ethanol vapour for 3 days, while other researchers have shown an augmented seizure activity in alcohol-withdrawal kindled mice withdrawn from 16 h of ethanol vapour (Becker and Hale, 1993; Becker, 1994) .
In the present study, two paradigms of alcohol dependence were employed, i.e. a single-episode model and a multiple-episode model. The former resembles most of the models described in the literature, as it uses alcohol-naive animals. Obviously, this approach does not mimic the clinical situation sufficiently well. In humans with no or limited experience with alcohol, bloodalcohol concentrations of 3-4 g/1 (300-400 mg/dl), as in the present study, are lethal. However, in extreme cases and under certain experimental conditions, such blood-alcohol levels may actually be reached. This was the case in the classical study of Isbell et al (1955) , in which 10 prisoners were offered an unlimited amount of alcohol for 78 days. It is noteworthy that one of the subjects with no history of alcohol abuse actually developed delirium tremens during the subsequent withdrawal reaction. This finding is in disagreement with the kindling hypothesis of alcohol withdrawal and suggests that humans too, when exposed to severe alcohol intoxication for an extremely long period, may develop maximal severe withdrawal reactions even if they are not previously kindled. In general, however, humans who develop severe alcohol-withdrawal reactions have been drinking for several years (Ballenger and Post, 1978) . They typically do not drink continuously, as somatic complications of their high alcohol intake and/or lack of money to pay for the alcohol eventually force them to terminate drinking for a while (Victor and Adams, 1953) . Based on clinical observations in our detoxification units, many of these patients have developed a high degree of alcohol tolerance and it is not unusual that they achieve blood-alcohol concentrations of 3-5 g/1. These blood levels of alcohol are comparable to those reported in the current study, and we therefore find that our multiple episode model of alcohol dependence in several ways mimics the clinical situation of severe alcohol abuse.
One disadvantage of the intragastric intubation technique is that this method does not allow us to control for the amount of alcohol intake and the level of alcohol intoxication as alcohol administration is based on a subjective measure of intoxication of each individual animal. In the first alcohol-withdrawal kindling experiment, we found that both the alcohol dose and the mean intoxication score in the alcohol-withdrawal kindled group were slightly decreased in episodes 13-15, compared to episodes 10-12 (Table 2) . Although we did not detect any significant change in seizure activity of the alcohol-withdrawal kindled group between episodes 10-12 and 13-15, this small decrease in alcohol exposure and intoxication level may explain why only six animals developed seizures in episodes 13-15 as opposed to eight animals in episodes 10-12, especially since the two animals which only developed seizures in episodes 10-12 only showed seizure activity in a single episode. In comparison with the control groups, there was a small increase in the alcohol dose administered to the alcoholwithdrawal kindled group in both episodes 10-12 and episodes 13-15. We find it unlikely that the difference in seizure activity can be attributed to this difference in the alcohol dose, first because the seizure activity was considerably increased in the alcohol-withdrawal kindled group; second, the intoxication levels were almost identical and the small changes were in opposite directions as the mean intoxication score of the alcohol-withdrawal kindled group was increased and decreased, respectively, in episodes 10-12 and 13-15 compared to control levels; third, the lack of convulsions in the control group is in complete agreement with the results of the single episode experiment, in which no seizures were detected following 2 days of alcohol intoxication, whereas the seizure activity found in the alcohol-withdrawal kindled group was similar to previously published results (Ulrichsen et al, 1992 (Ulrichsen et al, , 1995 . It may be added, that, blockade of the multiple withdrawal reactions with diazepam (Ulrichsen et al., 1995) led to increased alcohol tolerance and a higher alcohol intake prior to testing of the convulsive withdrawal behaviour, compared to untreated alcohol-withdrawal kindled animals, yet the seizure activity in the latter group was significantly increased (Ulrichsen et al., 1995) . As for the second alcohol-withdrawal kindling experiment, the toxic effects of alcohol were probably lower in the single episode group compared to both the alcohol-withdrawal kindled group and the diazepam group, as both the alcohol dose, and perhaps more importantly the alcohol intoxication level, were decreased. Presumably, an increase in both the alcohol dose and the mean intoxication score would have resulted in an increase in the severity of the withdrawal reaction and withdrawal seizure activity in the single episode group. Therefore, we cannot totally rule out that testing the convulsive withdrawal behaviour following 4 days of severe alcohol intoxication actually leads to a paradoxical decrease in seizure activity in alcohol-withdrawal kindled animals, although we have no explanation of possible mechanisms involved in such putative alterations.
Using a similar experimental design as in the first alcohol-withdrawal kindling experiment, we have recently demonstrated that the increased withdrawal seizure activity which occurs in rats exposed to multiple episodes of 2 days of alcohol intoxication followed by 5 days of alcohol withdrawal can be attributed to the multiple withdrawal reactions, because diazepam treatment of the early withdrawal episodes (i.e. episodes 1-9) led to a decrease in the subsequent withdrawal episodes (i.e. episodes 10-13) (Ulrichsen et al., 1995) . In the second alcohol-withdrawal kindling experiment of the present investigation, a diazepam group was included in order to allow us to discriminate between possible effects of alcohol intoxication and alcohol withdrawal during the repeated episodes of alcohol dependence. Thus, if the seizure activity in the alcohol-withdrawal kindled group had been changed compared to the single episode group, we would have attributed this change to kindling effects during the withdrawal reactions if the seizure activity in the diazepam group was similar to that in the control group. If, on the other hand, the seizure activity in the diazepam group was altered in the same manner as in the alcohol-withdrawal kindled group, such a finding would indicate that alcohol toxicity was the primary cause of the change in convulsive behaviour. As the present results did not show any change in seizure activity following withdrawal from 4 days of alcohol intoxication in the alcohol-withdrawal kindled group compared to the single episode group, we actually do not know whether kindling occurred in the second alcoholwithdrawal kindling experiment and therefore the additional information provided by including the diazepam group was limited.
As to the effect of the diazepam treatment on the withdrawal reaction per se, the current study is in agreement with that of Ulrichsen et al. (1995) in which diazepam was administered in the same manner as in the present study. In this earlier study, the three preceding diazepam administrations clearly reduced the withdrawal reaction 16 h after the last alcohol dose. Although the open rating of the withdrawal reaction in the present study was performed before the severity of the withdrawal reaction had reached its maximum [which is approximately 16 h after the last alcohol dose (Majchrowicz, 1975) ] and at a time when diazepam had only been administered once, we still detected a significant reduction in the withdrawal score in the diazepam group, compared with the alcohol-withdrawal kindled group in the present experiment. Moreover the 21 ratings performed prior to diazepam administrations throughout the second experiment revealed that in 28 of the 32 animals we either saw no signs of alcohol withdrawal or detected withdrawal symptoms at only one rating. The increased diazepam doses in the seven animals of the diazepam group which later developed seizures points to the importance of administering diazepam on the basis of a clinical evaluation of each individual animal, as the seizure animals probably are more susceptible to alcohol-withdrawal kindling than the non-seizure animals.
The finding in the present study that the diazepam doses needed to block the withdrawal reactions did not vary systematically during the course of the alcohol-withdrawal kindling is in agreement with previous results from our laboratory showing that in the present alcohol-withdrawal kindling paradigm it is only the convulsive withdrawal behaviour which is augmented, while the non-convulsive withdrawal reaction is unaffected by repetition of alcohol withdrawal (Ulrichsen et al, 1992 (Ulrichsen et al, , 1995 .
In conclusion, the present study showed that alcohol-withdrawal kindled convulsive behaviour in rats is a long-lasting and perhaps irreversible process.
